Similar to other mycobacterial diseases, susceptibility to Buruli ulcer (Mycobacterium ulcerans infection) may be determined by host genetic factors. We investigated the role of SLC11A1 (NRAMP1) in Buruli ulcer because of its associations with both tuberculosis and leprosy. We enrolled 182 Buruli ulcer patients (102 with positive laboratory confirmation) and 191 healthy neighbourhood-matched controls in Ghana, and studied three polymorphisms in the SLC11A1 gene: 3 0 UTR TGTG ins/del, D543N G/A, and INT4 G/C. Finger prick blood samples from study subjects were dried on filter papers (FTA) and processed. D543N was significantly associated with Buruli ulcer: the odds ratio (adjusted for gender, age, and region of the participant) of the GA genotype versus the GG genotype was 2.89 (95% confidence intervals (CI): 1.41-5.91). We conclude that a genetic polymorphism in the SLC11A1 gene plays a role in susceptibility to develop Buruli ulcer, with an estimated 13% population attributable risk.
Introduction
Mycobacterium ulcerans infection, or Buruli ulcer, is an emerging infectious disease, particularly in West Africa. 1, 2 The preulcerative stage of the disease includes nodules, plaques or oedema. The ulcerative stage, characterized by skin ulcers with typically undermined edges, is believed to be heralded by secretion of mycolactone molecules by M. ulcerans. 3 Later, a granulomatous healing response occurs, and fibrosis, scarring, calcification, and contractures with permanent disabilities, which may lead to severe and permanent functional limitations. 4, 5 Currently, Buruli ulcer is the third most frequent mycobacterial disease in humans worldwide after tuberculosis and leprosy. In regions of Benin, detection rates of Buruli ulcer were found to be even higher than those of tuberculosis and leprosy. 6 We hypothesised earlier that a significant proportion of the population living in an endemic area with exposure to M. ulcerans never develop Buruli ulcer, as is the case with tuberculosis. 7 Development of disease may be determined by genetic host factors, as in tuberculosis and in leprosy. 8, 9 The natural resistance-associated macrophage protein gene (NRAMP1 or SLC11A1), has been associated with both tuberculosis and leprosy. The human homologue of Nramp1, designated NRAMP1, has been cloned and mapped on chromosome 2q35. 10 The metal cation transport protein belongs to a family of solute carrier proteins, and the gene has recently been designated SLC11A1.
To determine whether SLC11A1 polymorphisms are also associated with susceptibility to develop Buruli ulcer, we used a cross-sectional design to evaluate genotype frequencies of three SLC11A1 polymorphisms in Ghanaians with Buruli ulcer compared to their matched healthy controls.
Results
In total, we enrolled 382 participants; 282 in 2000 and 100 in 2003. Of the 141 suspected Buruli ulcer patients enrolled in 2000, diagnostic laboratory tests showed an alternative diagnosis for nine patients. These nine patients were therefore excluded from further analysis. In total, 182 Buruli ulcer patients and 191 controls were included in analyses. The median age, 13 years, was similar for the patients (interquartile range (IQR) 8-21 years) and the controls (IQR 9-22 years). Results did not change when the analyses were performed with only the Buruli ulcer patients with laboratory confirmation of M. ulcerans (data not shown).
Two different protocols to purify DNA were used in this study. The first protocol, applied on the filters collected in 2000, was the protocol that gave best results with these filters, but performed more poorly than the protocol that was used for the 2003 filters, and gave rise to a high percentage of PCR drop outs. In fact, the first protocol on the filters collected in 2000, accounted for all of the missing data.
Discussion
Here, we have shown that carrying the heterozygous GA genotype of the D543N polymorphism in the SLC11A1 (or NRAMP1), a gene located on human chromosome 2q35, increases the risk of Buruli ulcer in cases compared to controls.
This finding is consistent with findings from other studies, which examined the association between SLC11A1 polymorphisms and tuberculosis and leprosy. In West Africans, four SLC11A1 polymorphisms were each significantly associated with tuberculosis. Participants who were heterozygous for two SLC11A1 polymorphisms (INT4 and 3 0 UTR) were at highest risk of tuberculosis, with odds ratio 4.07 (95% CI: 1.86-9.12). 11 In a family linkage study of SLC11A1 in 20 Vietnamese families, evidence was found that this gene may be linked to leprosy susceptibility. 12 Polymorphisms in the SLC11A1 gene were found to be associated with clinical manifestations of leprosy in West Africa. 13 Similar to the findings among Ghanaians with tuberculosis, our study detected a strong association between Buruli ulcer and the D543N G/A polymorphism; however, in contrast, we did not identify associations with the 3 0 UTR TGTG ins/ del polymorphism. These differences in results may have occurred since another disease is studied and a different study population is included.
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SLC11A1 is associated with pleiotropic functions and it is unknown which of these are important in determining disease susceptibility in man. The primary function of the molecule is to transport divalent cations including Fe 2 þ , Zn 2 þ , and Mn 2 þ . 14 Mycobacterial growth in the phagosome might be affected by regulation of the intraphagosomal concentration of Fe 2 þ . Growth of M. ulcerans is generally described as extracellular. 15, 16 Only recently M. ulcerans was found to be captured by phagocytes and to stay predominantly intracellular in the early stages of infection.
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SLC11A1 might be Genetic susceptibility to Buruli ulcer Y Stienstra et al especially contributing to disease development and/or severity in this intracellular stage of the mycobacterium. Additionally, our method for capturing DNA from drops of blood collected on filters that were dried and stored at room temperature was especially convenient when immediate processing of whole blood or freezing of samples, was not feasible. We found that when the paper filter product was used, long-term storage did not jeopardize DNA recovery, 18 as we were able to purify DNA from filters that had been stored for over 1 year.
Our study was limited by several factors. First, the technical difficulties in DNA isolation with the filters used in 2000 (Schleicher & Schuell, http://www.whatman.com/news/?pageID ¼ 6.22.241&nyear ¼ 2004), inhibited the sample size and impacted genotype analysis. In contrast, the filters used in 2003 were all FTA-coated by Whatman Bioscience and sufficient DNA for analysis was obtained for all samples, even from punch circular sample of 1.2 mm. Despite the high yield of DNA extracted from the Whatman filter paper, the amount of DNA recovered from filters does not allow extensive study of large numbers of candidate regions or genes by using several microsatellite markers or large numbers of single nucleotide polymorphisms.
Secondly, power was insufficient to determine whether there was an association between Buruli ulcer INT4 and 3 0 UTR. The population attributable risks of these polymorphisms (estimated at 5% for 3 0 UTR, and 2.5% for INT4) are relatively low, and high numbers of patients and controls would be needed to detect a statistically significant difference (7500 for 3 0 UTR and 2000 for INT4). Lastly, all subjects recruited were from the same geographical area in the southern part of Ghana, yet ethnic differences in the association between the SLC11A1 polymorphisms may exist. Some recent statistical and genetic developments offer promising methods to detect and correct stratification in population samples, for example, by analysing and comparing several dozens of randomly picked markers. 19 In future studies, with larger sample sizes and ethnically varied populations, these techniques can be used to examine associations stratified by ethnicity.
Even though we previously identified some modifiable behavioural risk factors associated with possible exposure to M. ulcerans, 20 we suspect that genetic factors play an important role in developing Buruli ulcer disease based on the high prevalence of specific IgG antibodies that did not differ between Buruli ulcer patients and controls, 21 and based on the results of this study. We estimated the population attributable risk of the D543N polymorphism to be 13%. This implies that (polymorphisms in) other candidate-genes 7 should be studied as well for their potential role in the genetic susceptibility to Buruli ulcer.
Materials and methods

Study subjects
Participants were enrolled in the study in two different time periods. First, and as part of a case control study conducted in the fall of 2000, patients clinically suspected to have Buruli ulcer disease, and matched control subjects were enrolled in three Buruli ulcer-endemic districts (Amansie West, Upper Denkyira and Ashanti Akim North) in the Central and Ashante regions of Ghana. 20, 21 In this study, no clinical follow-up of patients was performed, but diagnostic confirmation was attempted using histopathology, 22 direct smear with staining for acid-fast bacilli, culture and polymerase chain reaction. 23 We excluded the patients in whom an alternative diagnosis was reached based on the additional laboratory tests performed as part of the casecontrol study. One age-and community-matched control (not related to the patient) was selected from the same village as the Buruli ulcer patient, or from a nearby village in case of isolated homesteads. Second, in 2003, in one study centre (Amansie West), Buruli ulcer patients were included based on the clinical diagnosis and based on the clinical course of the disease, as part of a followup study evaluating disabilities caused by Buruli ulcer disease. 24 Control subjects were selected based on a decision rule similar to the selection of control subjects in the case-control study in the fall of 2000. The study was approved by the human subjects institutional review boards of participating institutions, and informed consent was given by the individuals and/or their guardians.
SLC11A1 genotyping Blood samples from participants enrolled in 2000 were collected on FTA coated paper (Schleicher & Schuell, Keene, NH, USA), air-dried at room temperature and stored at room temperature, with a desiccant, until they could be processed.
A total of 5-8 mm punches of the FTA coated paper were taken, incubated, and washed three times with 1 ml FTA s Purification Reagent (Whatman BioScience, Kent, UK) for purification of nucleic acids, removing heme, PCR inhibitors and other potential contaminants. The disks were then incubated and washed three times with 200 ml of Tris-EDTA (TE, 10 mM Tris, 0.1 mM EDTA, pH 8) buffer to remove the purification reagent. After the last wash, 500 ml of TE buffer was added and incubated for 15 min at 941C to release DNA from the paper. The disks were vortexed and the supernatant was used for genotyping.
Of the 100 samples of 2003, collected on FTA s coated paper (Whatman Bioscience), DNA was not extracted, but whole-genome amplified DNA was prepared directly on filter-bound sample DNA. For this, punches of 1.2 mm were taken, washed three times with 200 ml FTA s Purification Reagent, and rinsed two times with TE buffer.
The disks were dried at room temperature, and 10 ml GenomiPhi sample buffer (Amersham Biosciences) was added. Disks were incubated for 3 min at 951C and chilled on ice. Disks were centrifuged briefly and 10 ml GenomiPhi Reaction Mix (Amersham Biosciences) containing 1 ml Phi29 polymerase was added. Samples were incubated overnight at 301C, subsequently incubated for 10 min at 651C, and stored at 41C.
We genotyped three polymorphisms in the SLC11A1 gene s PCR system 2700, Applied Biosystems). End point fluorescence was measured immediately after cycling on an ABI7900HT apparatus. Alleles were assigned using SDS 2.1 software (Applied Biosystems).
Statistical analysis
Before testing the polymorphisms for association, we studied whether they were in Hardy-Weinberg equilibrium in the healthy individuals using a w 2 tests with 1 degree of freedom (DF). A deviation from HardyWeinberg equilibrium would indicate low reliability of the genotypes and the corresponding marker should be discarded. Association between Buruli ulcer and the three polymorphisms separately and combined was studied using w 2 tests (or Fisher's exact tests as appropriate). The odds ratios and 95%CI for significantly associated SNPs were determined using univariate logistic regression incorporating the variables gender, age, and district of the participant in the model. Power was estimated using standard statistical theory on comparing two frequencies assuming a Gaussian distribution. The population attributable risk of a polymorphism is defined as the proportion of individuals affected with Buruli ulcer because they carry the variant allele of the polymorphism. The association analyses were performed using SPSS software (version 12.0.1; Chicago, IL, USA). Hardy-Weinberg equilibrium testing, population attributable risk estimation and power calculation were performed in MS Excel.
